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| INTRODUCTION
Influenza A virus (IAV) has caused significant morbidity and mortality globally in humans, with an estimated 14 pandemics that have occurred since the 1500s.
1 Wild aquatic birds are well known to be the natural reservoirs for IAV subtypes harbouring H1-H16 subtypes, [2] [3] [4] with the exception of H17 and H18 subtypes that were recently discovered in bats. 5, 6 The phylogenetic relationships of all IAV subtypes are displayed in Fig. 1 . In addition to its natural reservoir species, influenza viruses infect a wide range of hosts including canids, equids, humans and swine. 2 IAVs' ability to generate novel gene constellations through reassortment between subtypes poses a risk for immune escape in these new hosts. 7 Furthermore, IAV undergoes rapid genetic and antigenic evolution, which makes vaccination control difficult in humans and other domestic species.
In addition to human pandemics that have emerged from avian and swine hosts, there are also repeated spillover events from domesticated animals, primarily poultry and swine, that pose a significant threat to human health. [8] [9] [10] [11] [12] [13] [14] Direct transmission of IAV from a wild avian source to humans is rare, as there has only been a single report of laboratoryconfirmed human infection with H5N1 contracted through close contact with dead and infected wild swan in Azerbaijan. 15 However, there is serological evidence of H5N1 infection among Alaskan hunters who handled dead wild avian species, 16 indicating that exposure to IAVs from wild birds through close contact can potentially cause infection.
More notably, viral genes that are similar to the 1918-like H1N1 avian virus were recently detected in the influenza gene pools of wild birds, raising the potential for the re-emergence of a 1918-like pandemic virus. 17 Furthermore, due to increasing human encroachment of wildlife habitats, the potential of a wild-source threat becomes more relevant, as is seen with the emergence of other pathogens such as human immunodeficiency virus (HIV), severe acute respiratory syndrome coronavirus and the more recent Zaire-variant Ebola virus in Western Africa.
18-21
In this review, we discuss the current knowledge of ecological and molecular determinants responsible for interspecies transmission of IAV, with specific focus on avian-derived influenza subtypes involved in zoonotic and epizootic transmission to other hosts (see Fig. 2 ). 27 In the avian cellular immune response, the maturation of T lymphocytes occurs in the thymus glands that are distributed around the neck and inside the thoracic cavity of most birds. Unlike humans, these thymus glands only fully develop in late juvenile birds and persist throughout adult life.
| ROLE OF WILD BIRDS IN IAV ECOLOGY
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F I G U R E 1 Diversity and host distribution of influenza A viruses (IAVs). Maximum-likelihood (ML) estimation of the haemagglutinin (HA) gene sequences of all subtypes of IAVs downloaded from the NCBI GenBank database. Overall data set randomly subsampled to include 200 isolates per subtype per host for the tree reconstruction. External branches of tree coloured by the major host groups from which the virus has been isolated from: avian (blue), canine (purple), chiropteran (pink), equine (brown), human (red), swine (amber) and other incidental hosts (black). Scale for branch length represents number of nucleotide substitution per site (subs/site) in the HA alignment
In contrast, the plasmacytoid B cells essential for antibody-mediated response mature in a specialized organ called the bursa of Fabricius (BF), located in the cloaca, but the BF involutes or disappears early in the juvenile bird stage, that is at the onset of feather growth. 27, 30 The transition from the loss of the BF to the full functionality of the thymus results in a period of a weakened immunity in these avian species;
thus migrating juvenile birds with a high viral load become an infection source of different pathogens. 27, 31 The stability of the haemagglutinin (HA) protein, both in the intracellular and extracellular environment, is a key determinant of the influenza virus stability and infectivity in the environment. 32 Stability of the HA in low intracellular pH of the early endosome is essential for the intracellular entry of the virus, after which point a threshold pH is reached in the late endosome causing the fusion of the protein to the lipid membrane, enabling the viral genome to escape the late endosome and successfully infect the cell. 7 Conversely, the virus must also maintain its stability in variable extracellular pH environments in its transmission between hosts. Thus, it has been observed that the pH stability of IAV subtypes evolves differently depending on host type and the route of transmission. 33 As most transmission of avian IAV in aquatic birds is through the oral-faecal route and the replication occurs mostly in the GI tract and cloaca of the birds, these viruses have evolved for stability at higher extracellular pH to accommodate these sites of replication and also maintain viability in the aquatic environment.
33-36
More recently, the incorporation of environmental durability data into a phylogenetic study of avian IAV demonstrated that environmental transmission is correlated with the increase in virus genetic diversity in short-lived avian hosts, suggesting an environmental reservoir can act as a source of annual outbreaks.
37
| ROLE OF DOMESTIC BIRDS IN IAV ECOLOGY AND INTERSPECIES TRANSMISSION TO HUMANS AND OTHER MAMMALS
AIV can cause low pathogenic infections (LPAI) in domestic birds with an asymptomatic or mild disease, with HA subtypes H1, H3, H5, H6, H7 and H9 most commonly isolated. 38, 39 In contrast, certain AIV lineages in subtypes H5 and H7 cause severe disease and rapid mortality in domestic birds and are referred to as highly pathogenic avian influenza (HPAI). While HPAI is phenotypically defined by a viruses lethality for susceptible chickens under strict experimental criteria, 40 genetically, the key distinguishing structure of HPAI is the presence of a multibasic cleavage site (MBCS), which contains two to several basic residues (e.g. PQRERRRKR/G) in the HA gene, as opposed to a single basic residue (PQRETR/G) in LPAI strains. [41] [42] [43] Furin-like peptidases, which are expressed ubiquitously in all tissue types of both avian and mammalian species, are responsible for the cleavage of HA at the MBCS site. 41, 44 Additionally, HPAI strains have also emerged through non-homologous recombination with a non-HA protein nucleotide sequence, introducing a non-native sequence into the HA gene. 45, 46 Although this can enhance the pathogenicity of the virus, systemic replication does not necessarily occur in all species: experimental infection of ferrets and mice with HPAI H5N1 showed systemic virus replication, 47, 48 but replication was only observed in the respiratory tract of non-human primates, 49 suggesting that pathogenicity of HPAI viruses is possibly host specific and multifactorial. 43 It has been recently understood that domestic birds such as chicken lack the retinoic acid-inducible gene-I (RIG-I), which is essential for signalling in the innate immune response, 50,51 as opposed to presence of RIG-I in other avian species and mammals as an important sensor of viral RNA leading to activation of type I interferons.
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In experimental infection of chickens and ducks with H7N1 virus, increased viral pathogenesis with clinical signs of disease and death is observed in chickens, but infected ducks do not exhibit clinical signs, highlighting the evolutionary adaption of ducks being a natural host of the influenza virus. 53, 54 There has also been back-transmission of HPAI viruses from domestic poultry to wild bird populations that are implicated in bird die-offs 55 and intercontinental spread.
56-59
Most IAV spillover events to humans have occurred through close contact with domestic poultry. 
| AVIAN IAV ADAPTATION TO HUMAN AND OTHER MAMMALIAN HOSTS
In a large-scale analysis of sequence data of IAVs from various hosts, several mutations were reported to be indicative of adaptation of
IAVs from avian to other host species. 83 However, in the surveillance of swine populations in southern China, many of these sites retain their avian-like residues despite over 30 years of circulation in these mammalian hosts, 84 suggesting these residues are likely founder effects rather than true adaptive mutations. Here, we highlight a few mutations that have been validated experimentally as critical in the adaptation of avian IAVs to humans and other mammalian hosts. cause stearic hindrance to the optimal binding of respective SA linkage to the RBS, thereby restricting binding. [100] [101] [102] [103] [104] [105] As mentioned earlier, the stability of the HA protein at various pH is associated with transmission in different hosts, with mammalian viruses having a lower optimum pH of conformational stability than avian viruses. 35, [106] [107] [108] However, it was recently discovered that, in the adaptation from avian H1N1 to establishment of the European avianlike (EA) swine virus lineage, this mammalian virus possessed a higher optimum pH of conformational stability than its avian counterpart, which is hypothesized to be mediated by changes in HA2 residues 72, 75, and 113. 109 These findings certainly warrant the increased need to differentially characterize this trait between all susceptible species that can harbour IAVs for pandemic and panzootic preparedness as previously understood host-specific optimum pH for HA stability may vary between subtypes and hosts.
| Avian HA vs mammalian HA
| Avian NA vs mammalian NA
The primary function of the NA protein is to cleave sialic acid receptors of host cells from where the virion has budded, thereby preventing reinfection into the same cell and promoting viral spread within the host. 7 An optimal balance between the HA and NA protein function is required for effective infection and transmission of IAV: excess NA proteins can hinder the binding of HA to host cell receptors, whereas insufficient NA protein results in limited virus spread. 110, 111 Avian NA proteins preferentially cleave α-2,3-SA residues, whereas mammalian NA proteins can cleave both α-2,3-SA and α-2,6-SA residues, indicating host-specific adaptations of the protein. 112 In avian IAV subtypes (e.g. H2N2, H7N1 and H9N2), deletions in the NA stalk are crucial for adaptation in chickens and other Galliformes poultry species. 113, 114 While the significance of this deletion is yet to be elucidated, the naturally selected deletion serves as a barrier in interspecies transmission, as viruses containing the stalk region deletion were shown to have compromised transmission between ferrets. 
| Avian PB2 vs mammalian PB2
The most widely cited mutation in polymerase PB2 subunit is Glu-627-Lys substitution, which is responsible for adaptation from avian to mammalian hosts. This mutation has been shown to mediate replication at a lower temperature (33°C) in the human upper respiratory tract, thereby facilitating efficient aerosol transmission, as opposed to a higher temperature (40°C) in avian intestinal tract. 
| Avian NP vs mammalian NP
The NP segment plays a key role in interspecies transmission of IAV, particularly the switch from avian to mammalian hosts. The viral NP is associated with the sensitivity of the IAV to host myxovirus resistance A (MxA) proteins-an important intrinsic antiviral factor of mammals known to inhibit IAV as well as other RNA and DNA viral infections. [125] [126] [127] It has been experimentally shown that an avian H5N1 virus with a reverse engineered human H1N1 NP protein can restrict the MxA sensitivity to eliminate species barrier and enhance viral replication 10-fold, 125, 126 indicating IAV can overcome the species barrier from an avian host to replicate successfully in the mammalian system through variation in 
| Avian NS vs mammalian NS
The non-structural protein 1 (NS1) protein has been implicated in variable virulence and pathogenicity within different hosts through its interactions of PDZ-binding motif at the C terminus of the protein. 83, [132] [133] [134] In a large-scale comparative genomic approach of all IAV, a specific 11 amino acid long sequence feature variant type (SFVT) located between residues 137-147 of the NS1 protein was statistically associated with a host restriction phenotype, 135 although
this has yet to be tested experimentally. Nonetheless, discovery of this SFVT emphasizes the importance of further studying this protein and its potential role in interspecies species transmission. 
| Avian PB1-F2 vs mammalian PB1-F2
The complete role of PB1-F2 in the virus lifecycle still remains to be elucidated, as it has been shown to both aid and disrupt viral virulence. It is generally understood that PB1-F2's role is subtype and host dependent.
It has been demonstrated that within the 1918-like H1N1 viruses, PB1-F2 interacts with the PB1 protein to increase replication by retaining the polymerase complex in the nucleus longer. 139 In HPAI H5N1, the wildtype PB1-F2 protein was found to have no effect on the severity of infection in mice beyond replication in the lung, but replication was detected systemically in multiple organs of experimentally infected ducks, further supporting the existence of a host-specific function for the protein.
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| Avian CpG vs mammalian CpG noncoding region
Mutations in the non-coding region of IAV have been shown to mediate cross-species transmission. These non-coding adaptations are due in part to constraints on host mechanisms that restrict the probability of mutational fixation, and consequently, a non-random pattern of mutation is seen across the virus genome in different host species. (pH1N1) viruses did not contain the Lys-627 or Asn-701 substitutions that were considered indicative of mammalian adaptation, 43, 155, 156 and it now appears these substitutions are not required for swine to human transmission. Indeed, when the mammalian-like Lys-627 and Asn-701 residues were introduced, a significant increase in polymerase activity and viral pathogenesis was observed, 155, 156 but this replicative advantage of the mutation was not necessary for the initial establishment of the avian polymerase in TRS lineage and subsequently human pH1N1 viruses. 157 Instead, partial compensatory mutations Gly590Ser and Glu591Arg were observed to aid polymerase activity of in the lack of the mammalian 627 and 701 residues, providing a possible explanation for the successful transmission of the avian-like residues in mammals. 43, [155] [156] [157] Additionally, the H1N1/2009 virus has reduced sensitivity to host MxA proteins though the interaction with the NP gene, as a result of the TRS-origin NP reassortment. 120, 121, 158 There have been several spillover infections of swine IAVs into humans [159] [160] [161] ; however, increasing evidence suggests reintroduction of the human virus into swine populations is more common. 162, 163 The susceptibility of swine infection by human virus can be attributed 
| EQUINE IAV
Two equine IAV subtypes, H7N7 and H3N8, were first detected in the 1950s, although the host origin of the former subtype is not known. 169 However, as the H7N7 equine lineage has not been detected in over three decades, it is possible the H7N7 has become extinct in equine hosts. [170] [171] [172] Despite its disappearance, the lineage has been studied extensively to elucidate the factors involved in its emergence and potential virulence in mammalian species. [173] [174] [175] Of note, it has been observed that the equine H7N7 contains an MBCS in the H7 HA protein, 176 which in avian H7 lineages have been implicated in HPAI infections in poultry and have infected humans. 177 The equine lineage virus was also found to be highly pathogenic and neurovirulent in mice without prior adaptation. 173 However, the intracellular cleavage of the equine H7N7 lineage was found to be due to an 11 amino acid motif adjacent to the MBCS that, when inserted into an LPAI H7N3
virus, increased the pathogenicity of infection. 175 In contrast, the H3N8 equine lineage may have originated wholly from an avian IAV source, and these viruses have been shown to undergo frequent intersubtype and intrasubtype reassortments.
178-180
Interestingly, the H3N8 virus in equine hosts preferentially binds to avian-like α-2,3-SA, where the receptors are abundantly present in the upper respiratory tract of horses. 181, 182 As such, horses are always considered as dead-end hosts, but the interspecies transmission of H3N8 virus from horses to dogs and camels raises the question of whether horses can act as mixing vessels for IAV.
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| CANINE IAV
IAV has been detected in canine species since the early 2000s, and there are currently two stably transmitting lineages of IAVs that circulate in dogs: the equine-derived H3N8 and the avian-derived H3N2 strains. 169 The transmission of the equine H3N8 subtype to dogs seems to have occurred en bloc through close contact with infected horses 183 and this virus continues to circulate in dogs with no evidence of reassortment with other subtypes to date. 169 This is further supported by recent findings that despite phylogenetic divergence and genetic change from the equine lineage, canine H3N8 was not observed to be phenotypically different from equine H3N8 strains. 184 The avian-derived H3N2 canine IAV has a much broader host range, and unlike the H3N8 lineage, reassortment with other subtypes, such as with H5N1 and H1N1, has been detected. 185, 186 Recently, an isolated case of an H6N1 virus was detected a dog in Taiwan, likely through contact with infected chicken, and represents the potential for other avian IAV subtypes to emerge in canid hosts. 
| CONCLUDING THOUGHTS
There is a need to understand adaptations in IAV that confer interspecies transmission capabilities to drive active surveillance for these mutations in nature and prevent an impending outbreak. Thus, the continued evolution of influenza viruses in its myriad of hosts necessitates further studies that characterize the risk of human transmission in these viruses, to provide a meaningful assessment of pandemic potential. Furthermore, the benefits of such efforts have been seen in the identification and rapid response to recent H7N9 outbreaks in China, 12, 73 while other studies that have characterized mutations that may enable sustained human-to-human transmission or describe pathogenesis have been useful for risk assessment of contemporarily circulating IAVs. 104, 107, 108 However, as there is continued mixing of viruses normally resident in different species, there is value in the continued experimental characterization of circulating viruses, particularly from subtypes known to have caused pandemics and those viruses present in animals to which humans have high exposure.
